In 20±30% of potential surgical candidates with refractory focal epilepsy, standard MRI does not identify the cause. g-Aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the brain. [ 11 C]Flumazenil (FMZ) PET images most subtypes of GABA A receptors, present on most neurons. We investigated [ 11 C]FMZ binding in grey and white matter in 16 normal controls and in 44 patients with refractory neocortical focal epilepsy and normal optimal MRI. Fourteen patients had unilateral frontal lobe epilepsy, ®ve occipital lobe epilepsy (OLE), six parietal lobe epilepsy (PLE) and 19 neocortical epilepsy that was not clearly lobar. Parametric images of FMZ volume of distribution (FMZ-V d ) were computed. Statistical parametric mapping (SPM99) with explicit masking, including the white matter, was used to analyse individual patients and groups. Thirty-three of the 44 patients showed focal abnormal FMZ-V d ; increases in 16, decreases in eight, and both increases and decreases in nine. In seven patients, the increases in FMZ binding were periventricular, in locations normally seen in periventricular nodular heterotopia on MRI. There were frontal and parietal increases in FMZ binding in grey and white matter in the PLE group and decreases in the cingulate gyrus in the OLE group. FMZ binding increases, particularly periventricular increases, were a prominent feature of MRI-negative focal epilepsies and may represent neuronal migration disturbances.
Introduction
In patients with partial seizures whose seizures have not been suppressed by optimal doses of two standard antiepileptic drugs, the chance of becoming seizure free with medication is <5% (Kwan and Brodie, 2000) . In patients with medically refractory partial seizures, surgery offers the possibility of a cure if the epileptic focus can be de®ned. Advances in MRI have allowed the identi®cation of structural abnormalities that are presumed to be the seizure focus in 70±80% of cases (Duncan, 1997) . The remaining 20±30% of cases in whom no lesion is identi®ed by high quality MRI present a particular challenge to epilepsy surgery centres. Surgery has a less favourable outcome when the presumed epileptogenic region is removed in the absence of identi®able pathology on imaging or the resected specimen (Jack et al., 1992; Berkovic et al., 1995) . MRI may be normal even when histopathological examination of resected specimens detects focal cortical dysplasia, hippocampal sclerosis (HS) or other pathologies (Chugani et al., 1990; Kuzniecky et al., 1991; Desbiens et al., 1993; Van Paesschen et al., 1997) .
g-Aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in the brain, acting at the GABA A receptor complex. Flumazenil (FMZ) is a speci®c, reversibly bound high af®nity neutral antagonist at the benzodiazepine-binding site of GABA A receptors (Olsen et al., 1990 ) containing asubunits 1, 2, 3 or 5, which are expressed by most neurons.
[ 11 C] FMZ PET provides a useful in vivo marker of GABA A receptor binding (Maziere et al., 1984) .
Epileptogenic foci generally have been reported to exhibit decreased [ 11 C]FMZ binding (Savic et al., 1988 (Savic et al., , 1993 (Savic et al., , 1995 Henry et al., 1993; Szelies et al., 1996; Koepp et al., 1997a Koepp et al., , 2000 Richardson et al., 1998b; Ryvlin et al., 1998; Muzik et al., 2000) . Some studies, however, have found localized increases in the number or af®nity of GABA A receptors (Hand et al., 1997; Brooks-Kayal et al., 1998) , and areas of increased [ 11 C]FMZ volume of distibution (V d ) may also mark the epileptogenic zone in some forms of focal epilepsy. In vivo, we have shown previously that malformations of cortical development (MCDs) frequently are associated with increases of FMZ-V d (Richardson et al., , 1997 , whereas no increases of FMZ binding were seen in acquired lesions (Richardson et al., 1998b) .
MCDs are increasingly recognized as underlying medically intractable epilepsy (Kuzniecky and Jackson, 1997) . Microdysgenesis, a minimal form of MCD, is by de®nition not detectable on current MRI and is usually de®ned as an increased density of heterotopic neurons in the stratum moleculare or the white matter (WM) (Raymond et al., 1995) . Some WM neurons are found in healthy controls, and the distinction is quantitative (Hardiman et al., 1988; Emery et al., 1997; Kasper et al., 1999; Thom et al., 2001) , with very marked regional variation (Rojiani et al., 1996) . At the other end of the spectrum, when a critical density and extent are reached, heterotopic neurons can be identi®ed macroscopically or by MRI as heterotopic grey matter (GM) (Raymond et al., 1995) .
We recently demonstrated a strong and highly signi®cant correlation between in vivo temporal lobe white matter (TLWM) FMZ binding and WM neuron number, determined semi-quantitatively ex vivo, in patients with HS who underwent anterior temporal lobe resection (Hammers et al., 2001a) and similar increases in temporal lobe epilepsy (TLE) with normal MRI (Hammers et al., 2002b) .
The aims of the current study were to test the hypotheses that: (i) FMZ PET may reveal focal abnormalities in patients with medically refractory focal neocortical epilepsies and normal, high resolution MRI; (ii) in this patient group, there are abnormalities of FMZ binding in WM, that are a marker of heterotopic WM neurons; and (iii) there may be common abnormalities detected in group comparisons of homogenous patient populations.
Material and methods

Patients and controls
We studied 44 patients (18 women) with medically refractory neocortical focal epilepsy. They had either unilateral frontal lobe epilepsy (FLE; n = 14; numbered F1±F14), parietal lobe epilepsy (PLE; n = 6; numbered P1±P6) or occipital lobe epilepsy (OLE; n = 5; numbered O1±O5). The remainder (n = 19; numbered X1±X19) were classi®ed as neocortical epilepsies without clear lobar origin. Diagnosis was based on seizure semiology, prolonged interictal EEG in all, and ictal video-EEG ®ndings in 31 out of 44 patients (Table 1) . Patients were recruited from the epilepsy clinics of the National Hospital for Neurology and Neurosurgery, Queen Square, London, UK, and the National Society for Epilepsy, Chalfont St Peter, UK. All patients had normal optimal MRI and were potential candidates for surgical treatment at the time of inclusion in the study.
The median age at onset of habitual seizures was 10 years (range: 1±34), the median duration of epilepsy before the PET examination was 17 years (range: 4±58 years), and the median age at PET examination was 26 years (range: 18±61 years). None had a history of prolonged febrile convulsions.
Patients had a median of 96 complex partial seizures per year (range: 2±1100). Their antiepileptic medication was carbamazepine (32 patients), lamotrigine (13), gabapentin (eight), phenytoin (eight), sodium valproate (seven), topiramate (six), remacemide (two), and one each was treated with vigabatrin, oxcarbazepine and tiagabine. One patient was treated with a vagal nerve stimulator. Two were on no medication, 12 on monotherapy, 26 on two antiepileptic drugs and ®ve on three drugs. Patients who were treated with benzodiazepines or barbiturates within 2 months of the PET examination were not included in the study as these drugs could possibly interfere with [ 11 C]FMZ binding.
Sixteen healthy volunteers (four women) were studied for comparison. The median age at examination was 46 years (range: 26±61). They had no history of neurological or psychiatric disorder and were on no medication.
Individuals did not consume alcohol within the 48 h preceding PET.
Written informed consent was obtained in all cases according to the Declaration of Helsinki. The approvals of the Joint Ethics Committee of The Institute of Neurology and The National Hospital for Neurology and Neurosurgery, the Ethics Committee, Imperial College, Hammersmith Hospital and of the UK Administration of Radiation Substances Advisory Committee (ARSAC) were obtained.
Clinical data for all 44 patients are shown in Table 1 . So far, one patient has undergone resective epilepsy surgery (patient F11).
PET
We used the same acquisition technique as described previously (Hammers et al., 2002a) . PET scans were (Bailey, 1992) . Reconstructed voxel sizes were 2.09 Q 2.09 Q 3.42 mm. Scans were performed with transaxial planes parallel to a horizontal plane through the anterior and posterior commissures. A transmission scan using three rotating 68 Ga/ 68 Gerotatory line sources was performed to enable attenuation correction of the emission scans. An eight-channel EEG was recorded during the PET studies to ensure that the scans were interictal. High speci®c activity [ 11 C]FMZ tracer (370 MBq) (Maziere et al., 1984) was injected intravenously. Arterial blood was sampled continuously to determine a metabolitecorrected plasma input function (Lammertsma et al., 1993) . A dynamic 3D series, consisting of 20 frames over 90 min, was acquired for the brain volume. A convolution subtraction scatter correction was used (Bailey, 1992) and axial-scaling with the inverse of the scanner's axial pro®le applied to obtain uniform ef®ciency throughout the FOV (Grootoonk, 1995) . To minimize any movement artefact during the scan, the 20 time frames of the dynamic image were realigned with one another by an automated`least-squares' technique (Friston et al., 1995a) . Parametric images of [ 11 C]FMZ-V d , re¯ecting binding to GABA A receptors at the voxel level (Koeppe et al., 1991) , were produced from the brain uptake and metabolite-corrected arterial plasma input functions using spectral analysis (Cunningham and Jones, 1993) with correction for blood volume.
MRI
MRIs were obtained using a gradient echo protocol on a 1 T Picker scanner (Picker, Cleveland, OH, USA) which generated 128 contiguous 1. PET image analysis Talairach and Tournoux (1988) . The normalization procedure involved a linear 3D transformation and used a set of smooth basis functions that allow for normalization at a ®ner anatomical scale (Ashburner and Friston, 1999) . Images were smoothed using a 12 Q 12 Q 12 mm (FWHM) isotropic Gaussian kernel as a ®nal preprocessing step. This spatial ®lter accommodates interindividual anatomical variability and improves the sensitivity of the statistical analysis (Friston et al., 1991) . Each patient's MRI scan was co-registered with their FMZ-V d image (Woods et al., 1993; Ashburner and Friston, 1997) and then transformed into standard space using the transformation matrix derived from the spatial normalization of that individual's FMZ-V d image.
Statistical analysis
Signi®cant differences in FMZ binding between patients and control subjects were localized by applying the general linear model to each and every voxel of the normalized and smoothed images (Friston et al., 1995b) . Statistical parametric maps are 3D projections of statistical functions that are used to characterize signi®cant regional differences in imaging data. We have described the use of SPM in [ 11 C]FMZ PET studies of patients with unilateral hippocampal sclerosis Hammers et al., 2001a) , in patients with MCDs (Richardson et al., 1997) and in patients with TLE and normal MRI (Koepp et al., 2000; Hammers et al., 2002b) . SPM99 combines the general linear model to create the statistical map, and random ®eld theory to make statistical inferences about regional effects (Friston et al., 1995b; Worsley et al., 1996) . Each control was compared against the remaining 15 controls, using the same design matrices as for the patients, with the design matrix designating global cerebral FMZ-V d differences and age as nuisance covariates (Friston et al., 1990) . The same type of analysis was performed for the post hoc analysis of the magnitude of the difference of FMZ binding between patients and controls in the periventricular area (see below).
Individual patients were then compared with the 16 normal control subjects For the purposes of between-group statistical analyses, the [ 11 C]FMZ-V d images of patients with unilateral lobar epilepsy were reversed before spatial manipulation so that the focus was on the same side in all patients. The data sets of patients with seizures arising from the side most frequently affected within each group were left un¯ipped so that the smallest possible number of data sets needed reversing.
Linear contrasts were used to test the hypotheses for speci®c focal effects. The resulting set of voxel values for each contrast constitutes an SPM of the t statistic SPM {t}. The SPM {t} were thresholded at P = 0.001 uncorrected. The signi®cance of foci of relative FMZ-V d changes is estimated using random ®eld theory, correcting for multiple comparisons using the number of independent resolution elements (resels) in the statistical image (Worsley et al., 1992 (Worsley et al., , 1996 . This examines the probability that the observed cluster of voxels could have occurred by chance, given its extent and peak height. The threshold chosen for the corrected cluster P values was P < 0.05. No extent thresholding was applied. This is referred to as`conventional threshold' in the Results and Discussion.
Initial exploration of the data revealed signi®cant periventricular increases in a localization typical for subependymal periventricular nodular heterotopia (Raymond et al., 1994; Dubeau et al., 1995) in a number of patients. In a post hoc analysis, therefore, we examined periventricular areas in all patients and controls with a mask encompassing~5 mm of tissue around the ventricular system (Fig. 1) as obtained from segmentation of the MNI T 1 MRI template. We used the framework of SPM to search for effect sizes exceeding 2.5 SD of the control mean in a precisely de®ned search volume, as we were testing a speci®c hypothesis in a restricted area (Koepp et al., 2000; Hammers et al., 2001a Hammers et al., , 2002b .
Age at onset of epilepsy, duration of epilepsy, frequency of seizures and interval between scan and last seizure were de®ned as covariates of interest and tested separately for their effect on FMZ-V d . Age was included as a nuisance variable in the design matrix in all comparisons.
The aim was to localize abnormalities of FMZ-V d in individual patients, compared with the control group, and between the control and patient groups, in both GM and WM. We therefore created an anatomical mask in template space, encompassing the GM in the cortex, the basal ganglia and the WM, to include all these areas in the statistical analysis (Fig. 1) .
To exclude the possibility that the overall composition of the control group could in¯uence results, we reanalysed one of the patients (F4) with periventricular increases of FMZ binding, substituting the current control group with a different one that has been used in a study of TLE (Hammers et al., 2002b) . This second control group had been scanned in the same orientation as the current control group, but centred on the temporal lobe. Therefore, the vertex was not always included in the FOV, and it could not be used for this study. The periventricular areas, however, were present in the centre of the FOV in all cases, allowing the veri®cation of the ®nding of periventricular increases of FMZ binding.
In the largest homogenous group (unilateral FLE), with seven right-sided and seven left-sided cases, the group analysis was repeated after¯ipping the other half of data sets to ensure that the reversing and subsequent normalization to our symmetrical template had no, or only a minor, in¯uence on the results. The same procedure was performed in the PLE group, with three patients having a right-sided and three a left-sided seizure focus.
To exclude the possibility that our ®ndings were due to normalization artefacts, we performed a region of interest (ROI) analysis on the raw, unnormalized parametric V d map of a patient who had shown periventricular increases of FMZ binding (patient X4). Circular ROIs sampling~2000 mm 3 were placed on three adjacent slices in the appropriate periventricular areas in all 16 controls and the patient, and absolute FMZ-V d values were measured directly.
Results
Controls
Comparing each individual control subject against the remaining 15 controls, one individual showed an increase of FMZ-V d in the left anterior pallidum [Z = 4.55, k (number of voxels) = 407, P < 0.001] and another in the left parietal lobe (Z = 4.14, k = 189, P = 0.027). Given the chosen thresholds and the number of comparisons resulting from 16 controls Q 2 contrasts, 1.6 positive results would be predicted by chance. Thus, our control group did not contain outliers, and we could verify our expected false-positive rate empirically. No control had any signi®cant increases around the ventricles at the conventional threshold.
Comparing each individual control subject's periventricular region against the corresponding area in the remaining 15 at the lower threshold of P < 0.01 uncorrected for the post hoc analysis, ®ve out of 16 showed increases within the periventricular mask.
There was a signi®cant negative correlation between age and FMZ binding in the right middle and superior frontal lobe, the left precentral gyrus and the right parietal lobe, leading to the inclusion of age as a nuisance variable in all tests. There were no signi®cant correlations with gender.
Unilateral frontal lobe epilepsy
Individual patients (see Table 1) Four patients (F3, F6, F7 and F13) had no signi®cant changes at conventional thresholds. Another four had single areas of increased FMZ binding (F1, F9, F12 and F14) ; two of these (in patients F9 and F12) were in the ipsilateral frontal lobe. Two more had multiple areas of increased FMZ-V d (F10 and  F11) ; in both, these included large areas of the ipsilateral frontal lobe. One patient (F2) had only areas of decreased FMZ binding; these were located in the contralateral hemisphere. Three patients had multiple areas of increased as well as multiple areas of decreased FMZ-V d (F4, F5 and F8) . In all three, increases included the ipsilateral frontal lobe, and represented the only increases in two of them (F4 and F8). All three had decreases outside the ipsilateral frontal lobe. Three patients (F4, F5 and F8) had clusters of increased FMZ binding around the ventricles at conventional thresholds. The periventricular locations at conventional thresholds were bilateral central, bilateral anterior and contralateral posterior in one (F4, Fig. 2 ), contralateral central and posterior in another (F5) and ipsilateral central in the third (F8).
The post hoc analysis revealed periventricular increases in 13 out of 14 patients, including the four in whom no abnormality had been found previously (see Table 1 ). The only patient who did not show any periventricular increases was the isolated case with areas of decreased FMZ-V d but no areas of increased FMZ-V d (F2). The periventricular increases in the post hoc analysis included, alone or in combination, the anterior horn in eight out of 13, central periventricular areas in seven out of 13 and the posterior horn in nine out of 13.
Group analysis
All 14 patients were included in the group analysis. Data sets of patients with right-sided foci were¯ipped to the left before normalization. There were no signi®cant changes at conventional thresholds. In the post hoc analysis, ipsilateral frontal lobe WM increases were seen, extending to the ipsilateral central lateral ventricle.
Parietal lobe epilepsy
Individual patients (see Table 1) All six patients had signi®cant abnormalities at conventional thresholds. Three patients (P2, P3 and P5) had multiple areas with increased FMZ binding. These were bifrontal in all three and included the ipsilateral parietal lobe in two (P2 and P5). Two patients (P1 and P4) showed only areas of decreased FMZ-V d . These were bilateral occipital in one (P1), and the other one (P4) had a single area of decrease in the frontal lobe contralateral to the presumed seizure focus. The remaining patient (P6) had biparietal increases as well as an area of signi®cantly decreased FMZ-V d in the ipsilateral orbitofrontal cortex. This patient also had periventricular increases (Z = 4.37, k = 435, P = 0.001) around the ipsilateral posterosuperior lateral ventricle. These were connected with the ipsilateral parietal increase.
The post hoc analysis revealed periventricular increases in four out of six patients (see Table 1 ); only the two patients with areas of decreased FMZ-V d , but no areas of increased FMZ-V d , failed to show any periventricular increases (P1 and P4). The periventricular increases in the post hoc analysis included, alone or in combination, the anterior horn in none, central periventricular areas in two out of four and the posterior horn in three out of four.
Group analysis
There were two signi®cant clusters of FMZ-V d increases, in the ipsilateral anterior middle frontal gyrus (Z = 4.53, k = 356, P = 0.005) and in the contralateral angular gyrus (Z = 4.12, k = 298, P = 0.012), both at the GM±WM interface. In the post hoc analysis, a small area of increased binding was seen medial to the contralateral ventricle centrally.
Occipital lobe epilepsy
Individual patients (see Table 1 )
Two patients (O2 and O4) had no signi®cant abnormalities at conventional thresholds. One patient (O3), without clear lateralization of her focus, had an area of increased FMZ-V d in one inferior parietal lobe and another one in the frontal lobe on the other side. Two patients (O1 and O5) showed decreases only, one (O1) in the ipsilateral and contralateral medial occipital lobe and the other (O5) in the contralateral precentral gyrus. No patient had periventricular increases at conventional thresholds.
The post hoc analysis revealed periventricular increases in all ®ve patients, including the two in whom no abnormality had been found previously (see Table 1 ). The periventricular increases in the post hoc analysis included, alone or in combination, the anterior horn in one, central periventricular areas in three out of ®ve and the posterior horn in four out of ®ve.
Group analysis
As only two patients (O1 and O5) had clearly lateralized OLE, all patients' un¯ipped normalized and smoothed scans were included in the group analysis. There was one cluster of signi®cantly decreased FMZ-V d in the left middle cingulate gyrus (Z = 4.05, k = 228, P = 0.026). The post hoc analysis showed bilateral central and right posterior periventricular increases.
Neocortical epilepsy, not clearly unilobar Individual patients (see Table 1) Five patients (X6, X7, X11, X15 and X17) had no signi®cant abnormalities at conventional thresholds.
Six had areas of increased FMZ-V d only; two had single areas of increased FMZ binding (X16 and X18) and four had more than one area of increased FMZ-V d (X4, X9, X13 and X19). The latter included two of the three patients in this group with periventricular increases at conventional thresholds (X2, X4 and X19). Three patients had areas of decreased FMZ binding only; one had a single area of decreased FMZ-V d (X14), and two had more than one area (X1 and X8). Five patients showed both increases and decreases (X2, X3, X5, X10 and X12). In total, in nine of the 14 patients with abnormalities, these included the area of presumed seizure onset. Figure 3 shows an example of a patient with a decrease of GM binding (X12). The post hoc analysis revealed periventricular increases in 16 out of 19 patients, including four of the ®ve in whom no abnormality had been found previously (see Table 1 ). One patient's (X11) FMZ PET did not show any abnormality at all, and the two others (X9 and X13) had areas of increased FMZ binding elsewhere which included areas of WM. The periventricular increases in the post hoc analysis included, alone or in combination, the anterior horn in seven out of 16, central periventricular areas in 14 out of 16 and the posterior horn in ®ve out of 16.
Correlation with clinical data
There was no correlation between duration of epilepsy, age at onset of seizures, frequency of seizures, interval between last seizure and PET scan and FMZ binding anywhere in the brain.
Exclusion of artefacts Exclusion of chance effects through composition of the control group
Comparing patient F4, with signi®cant periventricular increases of FMZ binding at conventional thresholds, against a different control group as described in the Methods showed essentially the same signi®cant clusters around the ventricles, with very similar Z scores, extents and P values. Our ®nding of periventricular increases was not, therefore, dependent on the composition of the control group.
Exclusion of¯ipping artefacts in the group analyses
In both groups (unilateral FLE and PLE) in which the group analysis was repeated after¯ipping the other half of the raw images before normalization to our symmetrical template, we obtained the same results. Thus, potential¯ipping artefacts did not in¯uence our results.
Exclusion of normalization artefacts through veri®cation with ROI analysis
ROI analysis in patient X4, with signi®cant periventricular increases of FMZ binding at conventional thresholds in the SPM analysis, showed a signi®cant increase in bilateral periventricular ROIs. This was +114% for the left periventricular area and +102% for the right periventricular area (control mean T SD ROI value 0.57 T 0.10, patient ROI value 1.15 T 0.75 on the right and 1.22 T 0.5 on the left). Our ®ndings are therefore not due to artefacts arising from the manipulation of data sets for analysis with SPM99 (see also Fig. 4 ).
Surgical and histological results; outcome
So far, one patient has had surgery. Patient F11 with an electroclinical diagnosis of right FLE had multiple areas of increased FMZ-V d including the right frontal lobe. Diffusion tensor imaging, analysed with SPM99 against a control group of 30 subjects, showed an increase in mean diffusivity in the right orbitofrontal WM (Rugg-Gunn et al., 2001) . Depth electrodes in orbitofrontal and inferior lateral frontal cortex demonstrated very localized onset of ictal activity. This area subsequently was surgically removed, and the patient has had a >90% reduction of seizures over the 18 months of postoperative follow-up. Pathology showed marked WM gliosis. One section was selected randomly, sectioned at 20 mm and stained with the neuronal marker, neuronal nuclear antigen (NeuN). All NeuN-positive cells, i.e. all neurons, were counted in radial columns in WM using a 3D cell counting technique as described recently (Thom et al., 2001) . WM neuronal density was estimated at 1598/mm 3 .
Discussion
This is the ®rst study to examine explicitly both GM and WM changes in FMZ-V d in patients with neocortical focal epilepsies and normal high resolution MRI. The main novel ®nding is the high proportion of patients with increased WM FMZ binding, notably around the ventricles, and we suggest that this ®nding represents a disorder of neuronal migration which is aetiologically and clinically relevant.
In total, we found abnormalities in 33 out of 44 patients with partial epilepsy and normal optimal MRI, con®rming that [ 11 C]FMZ PET detects abnormalities over and above structural MRI-visible abnormalities. 
Methodological considerations
SPM is a voxel-based analysis technique that examines the entire data set and has been validated for the interpretation of ligand PET scans in epilepsy (Koepp et al., , 2000 Richardson et al., 1997 Richardson et al., , 1998b . SPM cannot differentiate between abnormalities due to structural alterations or purely functional abnormalities. Therefore, in this study, we only included patients whose high quality MRI including a variety of sequences was normal on inspection by two experienced neuroradiologists. In this situation, SPM has advantages over region-based analyses: the entire brain volume can be studied, and no assumptions about number, localization and extent of abnormalities need to be made. A disadvantage is the decrease of the spatial resolution of the resulting statistical map to~13 mm FWHM, owing to the necessary interpolations following spatial manipulation and the smoothing procedure to accommodate inter-individual anatomical differences. The ®nal spatial resolution of region-based analyses, however, depends on the number and size of regions chosen (typically 10±50 for a given brain imaging data set), whereas at our level of smoothing, SPM examines the data with~500 independent comparisons. Furthermore, no a priori hypotheses about the exact localization of abnormalities need to be made. As in our previous studies, the validity of our approach was tested empirically through investigation of each control against the remaining controls. This gives a good empirical veri®cation of the false-positive rate expected as all healthy controls should a priori have normal FMZ-V d , and the expected number of false positives was found.
SPM needs rigorous correction for the multiple comparisons made. If such a correction is applied to the entire volume, abnormalities of small magnitude or extent will remain undetected. We found periventricular increases in a substantial number of patients at conventional thresholds, but in none of the controls. To explore periventricular changes further, we de®ned an additional mask for the periventricular areas for a post hoc analysis. This mask was de®ned as the average location of the ventricles in the stereotactic space used three-dimensionally dilated by 5 mm, and therefore allowed an objective search procedure for such changes. Within this de®ned search volume, we did not correct for the spatial extent of the clusters of abnormal FMZ binding, but only for height, as in our previous studies (Koepp et al., 2000; Hammers et al., 2001a) . With this approach, ®ve out of 16 controls showed periventricular increases compared with 38 out of 44 patients (c 2 test: P < 0.0001).
We took great care to exclude potential artefacts as the source of our ®ndings, and are con®dent that methodological issues are not responsible for them, including WM volume decreases (and corresponding CSF volume increases). Even if they were present to a degree that could have not been noted by the neuroradiological reviewers of the MRI data, their presence would have led to an underestimation, not overestimation, of periventricular FMZ binding in both SPM and the ROI analysis.
FMZ PET revealed periventricular binding increases which did not correspond to MRI changes, even after the MRIs were re-examined in the light of the FMZ PET ®ndings. Even though the signal to noise ratio is generally lower for PET than for MRI, the greater ability of FMZ PET to detect abnormalities in this situation with its femtomolar sensitivity can be explained through the better contrast to noise ratio. FMZ binds highly speci®cally to GABA A receptors with asubunits 1, 2, 3 or 5, present on the soma of most neurons but not on myelinated axons. Even slightly or diffusely increased average numbers of neurons per unit of WM in the periventricular area will thus lead to a detectable increase of FMZ-V d , whereas clusters of neurons <1 mm 3 would not be detectable on current MRI. Fig. 4 Example of an SPM of a patient with unilateral subependymal periventricular nodular heterotopia on MRI (patient 7 from Hammers et al., 2002b) , using exactly the same technique as in the remainder of the patients in this study. The patient showed the expected ipsilateral (right; left on image) periventricular increase of FMZ-V d , corresponding to the periventricular nodular heterotopia con®rmed on MRI. Furthermore, SPM reveals a contralateral (left; right on image) area of increased periventricular FMZ-V d which had no correlate on MRI, but corresponds equally well to the appearance of periventricular increases in the current study.
Comparison with previous ®ndings
Earlier studies have provided extensive evidence that decreased FMZ binding can localize the epileptogenic focus in both mesial TLE and neocortical epilepsy (Savic et al., 1988 (Savic et al., , 1993 (Savic et al., , 1995 Henry et al., 1993; Koepp et al., 1996 Koepp et al., , 1997b Szelies et al., 1996; Ryvlin et al., 1998; Muzik et al., 2000; Juha Âsz et al., 2001) . Decreased FMZ binding may be related to structural pathology as found in areas of past acute and non-progressive cerebral injury (Richardson et al., 1998b) . Decreased FMZ binding can, however, indicate functional abnormalities over and above evident structural abnormalities (Henry et al., 1993; Koepp et al., 1997a Koepp et al., ,b, 2000 Hammers et al., 2001a) which represents the rationale for using FMZ PET in patients with normal structural imaging, as in the present study.
Increased FMZ binding is dif®cult to detect on regionbased analyses using measures of asymmetry, and may be more dif®cult to see on visual inspection (Hammers et al., 2001a) . Using quanti®ed parametric images of FMZ binding and comparisons with control groups, however, we previously have shown areas of increased binding in patients with MCDs (Richardson et al., , 1997 Hammers et al., 2001b) . Similar increases were found in patients with neocortical epilepsy and normal MRI, but in none of six patients with epilepsy clearly due to acquired non-progressive lesions (Richardson et al., 1998b) , leading to the hypothesis that malformations not evident on MRI may be the basis of increased FMZ binding.
We recently have found a strong correlation (r > 0.8, P < 0.001) between preoperative WM FMZ-V d in both temporal lobes and the WM neuron number determined in the resected ipsilateral specimen in patients with hippocampal sclerosis (Hammers et al., 2001a) . Increased neuron number in the TLWM is a hallmark of microdysgenesis. Using the same technique as described here, we subsequently found TLWM increases, presumably indicating microdysgenesis, in a group of 18 patients with TLE and normal qualitative and quantitative MRI, as well as in 11 out of 18 individual patients (Hammers et al., 2002b) . We found a high frequency (25 out of 44) of increases of FMZ binding in the current study in patients with neocortical epilepsy and normal MRI, often including WM or, as in the case of the periventricular increases, located exclusively within the WM.
To keep the number of voxels studied to a minimum, in SPM, WM is normally excluded from the analysis through thresholding. If this blanket threshold is simply lowered to include WM signal, results are inconsistent due to the interindividual variability in global binding. Further, the number of voxels included in the analysis is unnecessarily increased around the outer border of the brain image, thereby accentuating the multiple comparisons problem. We therefore created an anatomical mask in stereotactic space, encompassing the GM in the cortex and in the basal ganglia as well as central WM. This enabled us to study explicitly, for the ®rst time, WM changes while restricting the number of voxels inspected.
The sensitivity of our technique to detect cortical (GM) abnormalities could be reduced due to the increased number of comparisons involved in also studying WM. One previous study that included patients with neocortical epilepsies used similar inclusion criteria and a similarly stringent de®nition of normal MRI studies (Ryvlin et al., 1998) ; however, decreased [ 11 C]FMZ binding was present in some 12 out of 30 (40%) of patients, comparable with 17 out of 44 (39%) in our series. Similarly, the number of focal decreases considered useful was only two out of 11 (18%) in their unilateral FLE patients. Some earlier studies are not comparable due to selection bias as they speci®cally excluded patients who did not proceed to undergo epilepsy surgery (Muzik et al., 2000; Juha Âsz et al., 2001) , or indeed excluded patients with no abnormalities on FMZ PET (Juha Âsz et al., 2001) . Another study with a higher rate of abnormalities found on FMZ PET used MRI on different low ®eld strength machines with very thick slices (Savic et al., 1995) . These sequences are no longer recommended in the pre-surgical evaluation of patients with refractory epilepsy (Commission on Neuroimaging of the International League Against Epilepsy, 1998), and the lower yield in our study is almost certainly due to the advances made in MRI imaging over the past decade, rather than our method of analysis of FMZ binding.
Neurobiological considerations
Our ®nding of areas of decreased FMZ binding, alone in eight out of 44 patients and in combination with areas of increased FMZ binding in a further nine out of 44, replicates earlier ®ndings in both mesial TLE and neocortical epilepsy (Savic et al., 1988 (Savic et al., , 1993 (Savic et al., , 1995 Henry et al., 1993; Koepp et al., 1996 Koepp et al., , 1997b Szelies et al., 1996; Ryvlin et al., 1998; Muzik et al., 2000; Juha Âsz et al., 2001) . Such decreases may indicate a loss of GABA A receptors, loss of GABA A receptor-bearing cells, or a change in subunit composition (Brooks-Kayal et al., 1998; Sperk et al., 1998; Loup et al., 2000) with ensuing reduction of af®nity (Nagy et al., 1999) .
Cortical increases of FMZ binding may be due to an increase in GABA A receptor density, an increased neuronal density or ectopic neurons bearing GABA A receptors, as for example in microdysgenesis. The dysgenesis hypothesis is supported by the fact that cortical increases of FMZ-V d have only been observed in patients with MCDs, including areas of cortex appearing normal on MRI (Richardson et al., , 1997 , in`MRI-negative' patients (Richardson et al., 1998b; Koepp et al., 2000; Muzik et al., 2000) and in patients with hippocampal sclerosis with associated microdysgenesis (Hammers et al., 2001a) , but not in acquired epilepsies (Richardson et al., 1998b) .
Subcortical WM increases of FMZ binding are best explained by increased numbers of WM neurons (Hammers et al., 2001a) . FMZ PET is well suited to determine abnormal nerve cell content in the WM in vivo: most neurons express GABA A receptors. FMZ can, therefore, be regarded to a certain extent as a neuronal marker, and the contrast to noise ratio for ectopic neurons in the WM is very high.
Ectopic WM neurons might contribute to epileptogenesis by providing additional or abnormal connections between nerve cells, as shown experimentally for ectopic CA1 (cornu ammonis sub®eld 1) neurons in the rat model of methylazoxymethanol (MAM)-induced cortical malformations (Chevassus-au-Louis et al., 1998). Human tissue is scarce, as patients with malformations are less suitable for epilepsy surgery (Sisodiya, 2000) , but there is direct evidence for connectivity of ectopic GM from both autopsy cases (Hannan et al., 1999) and functional imaging studies (Richardson et al., 1998a; Pinard et al., 2000; Spreer et al., 2001) , and evidence for epileptogenicity of periventricular neuronal clusters (Francione et al., 1994; Mattia et al., 1995; Palmini et al., 1995; Sisodiya et al., 1999) . The ®nding of ectopic WM neurons in neocortical focal epilepsy with normal MRI is therefore a tenable explanation for the pathogenesis of epileptic circuits. Further, the periventricular increases tended to be more anterior in the cases of FLE and more posterior in the PLE and OLE groups, in keeping with the clinical semiology of the patients' seizures and our prior classi®cation.
Microdysgenesis has been de®ned in different ways, and this accounts partly for the controversies surrounding its relevance in epilepsy Janz, 1984, 1985; Lyon and Gastaut, 1985) . Increased WM neuron numbers, however, are regularly included in the de®nition (Raymond et al., 1995) . It is evident that there is a rather wide range of normal variation (Hardiman et al., 1988; Rojiani et al., 1996; Emery et al., 1997; Kasper et al., 1999; Thom et al., 2001) , there is major regional variation (Rojiani et al., 1996) , and more neurons are found in periventricular areas compared with subcortical WM (Thom et al., 2001 ). In the current study, increased FMZ binding in periventricular WM was present in seven out of 44 patients and in none of the 16 controls at conventional thresholds. In the post hoc analysis of the periventricular areas, 38 out of 44 patients versus ®ve out of 16 controls showed such increases (c 2 test: P < 0.0001), further underlining the relevance of our ®ndings for the pathophysiology of epilepsy.
The quantitative ROI analysis showed an~100% increase in FMZ-V d around the posterior horns in a case of periventricular increases, compared with the corresponding area in controls. As we determined the effect size in a very clear-cut case, the order of magnitude of the changes is compatible with previous pathological studies of average increases in WM neurons in temporal lobe specimens obtained at surgery for refractory TLE, which showed increases of 30±75% (Emery et al., 1997; Thom et al., 2001) .
Only one patient has been operated upon so far. One cluster of signi®cantly increased FMZ binding in the right orbitofrontal WM was included in the resection. Quantitative immunohistochemistry (Thom et al., 2001 ) with NeuN estimated the neuronal density in a randomly selected section of the WM at 1598/mm 3 , near the mean neuronal WM density in temporal lobe in controls as determined with the same method (Thom et al., 2001 ). We do not yet have other frontal lobe specimens. As the number of heterotopic neurons in normal subjects, however, has been found to be 6.2 times higher in temporal lobe WM compared with frontal lobe WM, with no overlap of the normal ranges (Rojiani et al., 1996) , the ®nding of a neuronal density in the middle of the normal range for temporal lobe in our frontal lobe specimen infers a large increase in neuronal density compared with controls. This provides further evidence for the possibility of microdysgenesis as the neurobiological basis for our PET ®ndings.
Clinical considerations
Patients with normal MRI and medically refractory neocortical focal epilepsy represent a very important and dif®cult subgroup of patients who undergo investigations for epilepsy surgery. Accordingly, there have been various FMZ PET studies including MRI-negative patients (Savic et al., 1988 (Savic et al., , 1993 (Savic et al., , 1995 Henry et al., 1993; Szelies et al., 1996; Debets et al., 1997; Richardson et al., 1998b; Ryvlin et al., 1998; Koepp et al., 2000; Lamusuo et al., 2000; Muzik et al., 2000; Juha Âsz et al., 2001 ) (see also the section on comparison with previous ®ndings, above). Most of the earlier studies used ROI approaches with limited numbers of volumes of interest or relied on measures of asymmetry for FMZ binding, and could not therefore detect bilateral abnormalities. No previous studies have explicitly included WM.
If our ®nding of frequent and mostly bilateral periventricular abnormalities can be con®rmed, this would represent an important addition to the non-invasive pre-surgical evaluation. Such a ®nding would make it very unlikely that a patient would become seizure free after a focal resection (Li et al., 1997; Sisodiya, 2000) and could be a reason for not pursuing the evaluation further, if a less than seizure-free outcome would be regarded as a failure.
The patient in this series who has so far been operated upon (F11) might be a case in point. On electroclinical grounds, she was suspected to have right FLE. Diffusion tensor imaging showed right orbitofrontal abnormalities (Rugg-Gunn et al., 2001) . Intracranial recordings showed onset of typical attacks from just one electrode over the right orbitofrontal cortex, and she underwent a partial right frontal lobe resection. Although she bene®tted from surgery with a >90% reduction of seizures over the 18 month of postoperative follow-up so far, her seizures have not been controlled fully through surgery. The result of the present study, which became available later, suggested widespread abnormalities of FMZ binding, involving mainly both frontal lobes and consisting of increases involving both GM and WM. Moreover, in the post hoc analysis, she showed bilateral periventricular increases of FMZ binding, further indicating more widespread abnormalities.
Large or remote abnormalities of FMZ PET are a very common ®nding in MRI-negative patients even when only patients undergoing surgery are included (Muzik et al., 2000; Juha Âsz et al., 2001) . When MRI-negative patients are operated upon, outcome is known to be worse than when a lesion is present on MRI in TLE (Jack et al., 1992; Berkovic et al., 1995) , and poorer outcome has been found to be associated with the size of abnormalities on FMZ PET and the proportion of non-resected abnormalities on FMZ PET in extratemporal epilepsies (Muzik et al., 2000; Juha Âsz et al., 2001 ).
In the current series, nine out of 44 cases had single focal abnormalities of FMZ binding at conventional thresholds, but in only one of these cases were no periventricular increases of FMZ binding seen in the post hoc analysis. Single abnormalities are potential targets for invasive EEG monitoring to con®rm whether this is the site of seizure onset. Further prospective studies are needed to determine the concordance between FMZ PET abnormalities in GM with invasive EEG recordings and follow-up following surgical resection, in patients with refractory focal neocortical epilepsy and normal MRI. Such studies are also needed to determine whether periventricular abnormalities of FMZ binding are a predictor of outcome following epilepsy surgery or not.
